Exogenous phytase could influence dietary protein availability by variation in using dose. The objective of the present study was to determine if incremental dosing of an evolved E.coli 6-phytase would lead to improvements in lysine availability through evaluating performance and bone status in Bovans White layers. A total of 182 layers were placed in individual cages and distributed to 13 treatments: a 3 × 4 factorial arrangement with three levels of digestible lysine (dLys -0.67, 0.77, and 0.87 %) and four doses of phytase (0, 300, 1 200, and 4 800 FTU/kg) in 0.12 % available P (avP) diets. Additionally, one phytase-free control treatment was included with 0.25 % avP and 0.87 % dLys. Productive parameters were recorded for 25 weeks, from 39 week-old. At the end, abdominal fat deposition and the tibia were sampled; in bone was determined breaking strength and bone ash. Layers fed 1 200 FTU/kg phytase increased egg production percentage (F 3,169 = 2.01, p = 0.111), abdominal fat deposition (F 3,169 = 2.52, p = 0.059), bone breaking strength (F 3,169 = 4.29, p = 0.006) and bone ash weight (F 3,169 = 3.62, p = 0.014) compared with non-phytase inclusion. Furthermore, 1 200 FTU/kg phytase decreased incidence of broken eggs and soft-shell eggs (F 3,169 = 2.9, p = 0.036). Phytase and dLys levels influenced egg mass and bone ash concentration (F 12,169 = 1.86, p = 0.043). FCR and body weight loss was reduced with phytase inclusion (respectively: F 12,169 = 2.43, p = 0.006, and F 12,169 = 2.24, p = 0.012). Phytase-free control diet increased egg weight (F 12,169 = 3.70, p < 0.001), but gave greater BW loss (F 12,169 = 17.79, p < 0.001), less abdominal fat content (F 12,169 = 5.85, p < 0.001), and no effect on other variables (p > 0.07). In conclusion, 1 200 FTU/kg of phytase improved productive performance and preserved body weight and bone status, without equivalence of phytase inclusion for dLys level, even with higher doses.
Introduction
Phytic acid represents 60 to 80 % of phosphorus (P) stored in vegetables, 1 and is essential for the germination process. Phytic acid plays a critical anti-oxidant role in dormant seeds, 2 but in diets for monogastric animals it is considered as an antinutrient due to its chelating capacity with minerals, carbohydrates, proteins 3 and amino acids. 4 The fact that poultry species have limited ability to hydrolysis phytic acid 5 and release P from its structure, addition of exogenous microbial phytase in diets is a common practice nowadays. This strategy allows the reduction of inorganic P supplementation in the diet, decreasing P excretion and therefore to mitigating environmental pollution. 6 This phosphoric effect of phytase is embraced worldwide in poultry and swine production; however, the consequences of phytase in the release of other nutrients, known as the extra-phosphoric effect, 7 has been under research in recent years. 8 Phytic acid can negatively affect the solubility and digestion of proteins, likely through two paths of action. One mechanism is related to the chelation of protein by phytic acid and depends on isoelectric point of the protein and the pH of the digesta. In an acidic pH, phytic acid can directly chelate positive charges in the α-NH 2 group or to some basic amino acids, such as arginine, histidine, and lysine, forming binary complexes. In a basic pH, negative charges on the carboxyl group of all amino acids bind with divalent cations, mainly minerals, which are chelated by phytic acid, ending up in the formation of tertiary complexes. 9 The other mechanism is based on the capacity of phosphate groups to act as a kosmotropic substance. 10 In this case, phosphate groups are able to establish hydrogen bonds with water surrounding proteins, changing protein structure to a rigid status. Thus, protein solubility and digestion is reduced in the digestive tract. Bye et al. 11 concluded that sodium phytate decreased solubility and stability of lysozyme in vitro, acting as a kosmotropic molecule at concentrations higher than 5 mM, whereas at concentrations lower than 5 mM, direct binding of sodium phytate was responsible for the destabilization of the protein.
Lysine is often considered as the reference amino acid in the ideal amino acid profile concept applied to animal feed formulation, 12 despite methionine is the first limiting amino acid in poultry. Lysine was chosen taking into account that laboratory analysis is easier, lysine's only role is in body accretion and egg deposition, and also because it is not turned to any other amino acid. 10 Formulating diets with the ideal profile concept sets lysine requirements first, expecting that the remaining amino acid requirements can be adjusted in a fixed manner relative to lysine. 13 In the case of laying hens, requirement for digestible lysine (dLys) depends on factors such as bird age, productive period, and genetic line, which could affect the response in egg mass and body weight. 14 Taking into consideration the effect that phytic acid has on protein solubility, it is possible that phytase can affect dietary amino acid requirements of laying hens, although the response could be influenced by enzyme dose. It is expected that higher doses of phytase could improve utilization of protein content in the diet in comparison to the standard 300 FTU/kg dose, 15 related to greater phytic acid hydrolysis in the digestive tract. 16 Implementation of these high doses, known as superdosing, in broiler has led to addition of 1 500 FTU/kg in order to obtain hydrolysis of more than 85 % of the phytic acid present in the diet, 17 resulting in better animal performance. 7 In the case of standard doses, Selle et al. 18 indicated that inclusion of 766 FTU/kg would result in 42 % phytic acid degradation, and that the P equivalency for 500 FTU/kg is 0.12 % available P (avP) in the case of broilers and pigs, which establishes hydrolyzed capacity and P supply for standard doses.
In laying hens, most of published phytase studies have included doses of 300 to 400 FTU/kg, [19] [20] [21] and there is lack of information about use of higher doses. No differences were observed by Mellef et al. 22 when evaluating 400, 800, and 1 200 FTU/kg in 30 week-old Shaver 2 000 layers. Similarly, Silva et al. did not observe any differences with 300, 600 or 1 200 FTU/kg in 44 week-old Lohmann Brown layers. With the same strain, Agbede et al. 23 tested 0 and 1000 FTU/kg between 18 th and 22 th week of age, with no change in the response to phytase addition. These studies suggest that, although diverse experimental conditions were employed, higher doses of phytase did not exhibit positive results in laying hens.
Studies that evaluate the extra-phosphoric effect of phytase are not currently available in laying hens. Additionally, interactive effects of phytase doses and dLys levels in diet have only reported in broilers. 24 In the current study, it was hypothesized that incremental doses of a 6-phytase derived from E.coli would increase dietary lysine availability and consequently would enhance production in Bovans White hens from 40 to 63 weeks of age. Therefore, the aim of the present study was to evaluate the effect of four doses of phytase (0, 300, 1 200, and 4 800 FTU/ kg) and three levels of dLys (0.67, 0.77, and 0.87 %) on production and bone parameters of laying hens fed a corn and soybean meal based diet deficient in avP (0.12 %). Enzyme effect was also compared with inorganic P addition by increasing avP level to 0.25 % in a positive control.
Materials and methods

Laying hens
A total of 182, 39 week-old Bovans White hens were individually placed in 40 × 47 cm cages, equivalent to 1 880 cm 2 of available surface area per hen, with individual space of 38 cm in a channel feeder. At the beginning of the test, hens were selected by BW, with a range of 1653 ± 135 g (equivalent to one standard deviation). Laying rate was evaluated for the first week, and hens that did not lay regularly were discarded. Hens had access to water ad libitum and to a maximum feed intake of 105 g/hen/d with diet in mash presentation. Facilities were at environmental temperature and hens had a lighting program of 16L:8D. All hen handling procedures were approved by the Institutional Subcommittee for the Care and Use of Experimental Animals (SICUAE) of the Facultad de Medicina Veterinaria y Zootecnia of the Universidad Nacional Autónoma de México.
Diets and experimental design
Four doses of an exogenous phytase were included in 0.12 % avP diets (0, 300, 1 200, and 4 800 FTU/kg) with three levels of dLys (0.67, 0.77, and 0.87 %), in a 4 × 3 factorial manner. An additional phytase-free diet with 0.25 % avP and 0.87 % dLys was included as a control diet, for a total of 13 treatments. Hens with regular egg laying and adequate BW were randomly assigned into treatments, each with 14 replicates of one hen. A corn-soybean meal based diet was prepared and split into 13 equal parts, representing the treatment diets; for each, micro-ingredients and enzyme were added to get the nutritional content according to experimental design ( Table 1 ). The nutritional content of the basal diet was established following the NRC recommendations for white line hens, 25 except for dLys and avP, which were defined according to the intrinsic goals of the study. All diets contained 15 % crude protein, 2.8 Mcal/kg, and 3.5 % total Ca, and were formulated based on digestible amino acids, keeping constant the content of digestible methionine (0.38 %), digestible cysteine-methionine (0.65 %), and digestible threonine (0.61 %). Cellulose (World Minerals, Lompoc, CA) was added as an inert material, including L-Lys HCl and phytase at the expense of it, providing the target levels for the experimental diets. 1 Vitamin premix provided Vitamin A 10 000 000 UI; Vitamin D3 2 500 000 UI; Vitamin E 6 000 UI; Vitamin K 2.5 g; Thymine 1.6 g; During the experiment, a phytase from Escherichia coli expressed in Trichoderma reesei was used (Quantum Blue, EC 3.1.3.26, AB Vista, Marlborough, UK). FTU was defined as the amount of enzyme required to release one mol of inorganic P/min from 0.15 M/dL of sodium phytate at a temperature of 37 °C in pH 5.5.
Productive parameters
Layer production was recorded for 25 weeks. The laying rate, egg weight, and egg classification (broken, dirty and soft-shell) were recorded daily for each replicate. No mortalities were observed during the experimental period. Cumulative feed consumption was measured weekly and body weight at the beginning and end of the experiment.
Egg quality testing
Every four weeks, one egg per replica was used to determine Haugh units and yolk pigmentation using a TSS QCD computer system (Technical Services and Supplies, Dunnington, York, UK). In the same egg, shell thickness without internal membranes was measured with a digital micrometer (Mitutoyo Corp., Kawasaki, Japan).
Bone parameters and abdominal fat deposition
After the experimental period, 12 hens per treatment were euthanized by an intravenous injection of EUTAFIN® (390 mg sodium pentobarbital, 50 mg phenytoin sodium and 1 mL excipients; UNAM, Mexico City) at a dose of 1 mL/5 kg of BW into the radial vein. Both tibias from all hens were sampled; the right tibia were used to determine bone breaking strength using MV-110 Imada equipment (Imada Inc., Northbrook, IL), ensuring a fixed distance of 3.6 cm between the two supporting columns. The left tibia were cleaned of muscle remains, joints, tendons and ligaments, degreased with 25 % ethylic ether in a Soxhlet extractor for four hours, dried at 50 °C for 48 hours, and weighed. The dehydrated bones were incinerated at 500 °C for 17 hours in order to determine ash content. Additionally, abdominal fat content was weighed for each hen, and expressed as a percent of final BW.
Laboratory analysis in feed
Protein, ME, P, and Ca content were analyzed in the basal diet, following AOAC techniques (2006) . Exogenous phytase activity in diet samples was analyzed by the Enzyme Services and Consultancy (ESC, Ystrad Mynach, UK) according to a modified method as proposed by Engelen et al. 19 . Lysine concentration was quantified in treatment diets according to AOAC. 26 
Statistical analysis
Treatments with 0.12 % of avP were analyzed as a crossed arrangement structure nested in avP content of the diet, which was also added as source of variation in the ANOVA. Means of treatment interactions and main effects were separated using a Tukey's or least significant difference test. Additionally, regression analyses were applied, taking phytase and dLys as quantitative variables. P < 0.07 indicated statistically signification using JMP software 12® (SAS, NC, USA).
Results and discussion
Analysed enzyme activity in all treatments was above the expected, but they were present in accordance with target dose, which confirmed that the enzyme was present in diets, in gradually increasing levels ( Table 2) . Diets without addition of exogenous enzyme were not analyzed because the assay technique is specific for the exogenous microbial phytase. There are several factors that can affect the exogenous phytase quantification in feeds, including sampling conditions in the farm or laboratory processing when the enzyme activity is determined. 27 Despite assay, values being higher than expected, they confirmed that the interpretation of the results in this study could be based on the initially proposed doses. In the case of dLys dietary, contents were similar to expected levels (see footnote in Table 3) .
A positive effect on egg production was seen when phytase was included in the diet, although the extent of the response was linked to enzyme dose employed. Layers fed 1 200 FTU/kg phytase had higher egg production percentage than those fed no phytase in 0.12 % avP diets, F 3,169 = 2.01, p = 0.03. Furthermore, layers fed 300 and 4 800 FTU/kg phytase in 0.12 % avP diets or with 0.25 % avP in the phytase-free diet did not show statistical differences from those fed 1 200 FTU/kg phytase. The response in percent egg production to incremental phytase dose was quadratic, showing evidence of maximum production at 1 200 FTU/kg F 2,179 = 6.39, p = 0.01 (Table 3) . Mellef et al. 22 reported that inclu- 30 reported a higher residual activity of a 6-phytase from E. coli in vivo compared with a similar phytase from P. lycii when 1000 FTU/kg dose was evaluated in the digesta obtained from gizzard, jejunum, and ileum of seven day-old chicks.
In the present reseach, unlike egg production, egg weight remained unchanged when phytase was added or even when dLys content varied F 12,169 = 1.44, p = 0.15, although both factors have been stated to positively influence egg weight. 29, 31 Only, egg weight was higher in hens fed the phytase-free diet containing 0.25 % avP than the average of those fed diets with 0.12 % avP F 12,169 = 3.70, p = 0.06, as also reported by Ceylan et al. 32 and Englmaierová et al. 33 , but in contrast from studies by Augspurger et al, 34 Lim et al., 21 and Viana et al. 35 (Table 3) .
Despite no influence of phytase and dLys on egg weight, an interaction was evident in egg mass. Thus, at 0.77 % dLys, phytase at 1 200 and 4 800 FTU/kg gave better production than 300 FTU/kg. In contrast, in the others two levels of dLys (0.67 % and 0.87 %), 4 800 FTU/kg affected negatively egg mass F 12,169 = 1.86, p = 0.04. In spite of the interaction, the quadratic response to phytase doses, with a maximum at 1 200 FTU/kg in egg production highlights the adverse response in production at 4 800 FTU/kg in this trial F 2,179 = 2.56, p = 0.07. Furthermore, incremental dLys levels resulted in positively linear responses in egg mass, highlighting the influential effect of dLys on production, where 0.87 % dLys maximized egg mass F 1,180 = 3.55, p = 0.06. Egg mass average from hens fed 0.12 % avP diets was similar to the control diet F 12,169 = 0.57, p = 0.45 ( Table 3) .
Feed consumption was lower in hens fed diets with 0.67 % dLys compared with those fed 0.77 %; meanwhile, 0.87 % was similar to 0.67 and 0.77 % levels F 12,169 = 1.85, p = 0.04. Additionally, a linear effect of feed intake was obtained to increasing dLys concentration, indicating an insufficient dietary supply with 0.67 % F 1,180 = 4.79, p = 0.03 (Table 3) . Laying hens can adjust feed consumption to nutrient content of the diet, particularly energy, 36 and to reduce intake of mineral deficient diets, 37 although regarding lysine it is not clear. Torii et al. 38 found that the restriction of L-lysine in the diet caused low feed consumption in rats, leading to anorexia and growth retardation, and it was remedied by blood lysine infusion. Torii's study showed that the ventromedial portion of the hypothalamus and the lateral hypothalamic area in the brain are responsible for the regulation of lysine levels in rats, demonstrated a role of central nervous system in lysine appetite. In the current study, low consumption of the 0.67 % dLys diets probably resulted in low metabolic activity and reduced egg production, which was partially offset by phytase addition.
In the literature, there is no common recommendation for dLys level in the diet for white laying hen; the Bovans guide suggests 903 mg/d of consumption for optimal production, 39 NRC goes down to 580 mg/d, or 690 mg/d when using 2 900 kcal in the diet. 25 Rostagno et al. 40 The levels recommended by Silva´s study were close to the averages in this study of 692 mg/d in the lowest dLys diets tested and taken as deficient.
Despite that dLys influence was significant on feed consumption, phytase impact present in other parameters like egg production, remained in the FCR. Thus, phytase reduced FCR relative to no addition of the enzyme in diets with 0.12 % avP F 12,169 = 2.43, p = 0.07, contrasting with previous reports ( Table 3) . Augspurger et al. 34 found that there was no change in FCR when 150, 300, and 10 000 FTU/kg doses from a 6-phytase, produced by E. coli and expressed in A. niger, was evaluated in White Leghorn hens fed 0.10 % avP. Silversides et al. 31 reported similar results with 300, 500, and 700 FTU/kg doses of a 6-phytase from E. coli expressed in S. pombe in 34 to 40 week-old ISA-white hens. In this analysis, maximum feed consumption allowed by hen, could have resulted in the lack of an effect on egg weight. Phytase inclusion was able to increase nutrient availability, since, even with the same quantity of feed eaten, better productive performance was obtained for all doses tested (300, 1 200, and 4 800 FTU/kg), improving FCR in those hens. Layers fed diets containing 0.25 % avP gave an intermediate FCR F 12,169 = 2.56, p = 0.63, and it is important to highlight that the extra-phosphoric effect was obtained even with standard doses, although the effectiveness of phytase was relating to dose rate.
At the beginning of the experiment the average BW was similar among hens F 12,169 = 0.81, p > 0.07, but at the end of experimental period, highly statistical significances were found F 12,169 = 2.24, p = 0.01. Layers fed low avP diets with 300 and 1 200 FTU/kg phytase showed a higher final BW than those fed without phytase with the same avP level. Inclusion of 4 800 FTU/kg phytase or increasing avP to 0.25 % showed intermediate body weights at the end of the experimental period. Layers fed diets without phytase had more weight loss; those fed diets containing 0.12 % avP lost 5.4 %, while the phytase-free 0.25 % avP diet gave losses of 7.4 %. Hens fed phytase at 300, 1 200, and 4 800 FTU/kg showed BW losses of 2.5, 1.3, and 2.2 %, respectively. Final BW and BW loss showed highly significant quadratic responses to increasing phytase dose, with the maximum at 1 200 FTU/ kg, F2,179 = 17.79, p < 0.01 (Table 3) .
A reduction in the anti-nutritional effect of phytic acid from the diet by exogenous phytase addition was evident with all three doses evaluated, however, at 1 200 FTU/kg the response was greater. A higher phytic acid hydrolysis by the highest phytase dose could have released more P, [41] [42] [43] and reduced the chelating capacity of intact phytic acid and high inositol esters. Thus, nutrients such as protein 44 and carbohydrates 45 could have been more available, leading to an improvement in production and less use of body reserves by the layers. Silversides, et al. 31 found that only 700 FTU/kg phytase gave positive changes in BW when 300, 500, and 700 FTU/kg doses were evaluated. Scott et al. 46 demonstrated that inclusion of 250 and 500 FTU/kg of 3-phytase from A. niger prevented BW loss in a proportional manner, without being affected by changes in dietary P and Ca levels, demonstrating that phytase has the capacity to maintain egg production without use of body reserves. Nevertheless, contrary results have been published where any significant improvements in hen BW have been evident with incremental phytase doses. 34, 47 Francesch et al. 19 observed greater BW gain with the use of 300 and 500 FTU/kg phytase than with increasing inorganic P level in the diet (1.1 vs 3.2 g/kg of non-phytic P), although 150 FTU/kg addition did not provide the same effect. Furthermore, the majority of layers lost BW during the experimental period, as to reported by Keshavarz 48 with the evaluation of vitamin D3, 25-OH-D3 and 300 FTU/kg of phytase.
Layers fed with 0.25 % avP diets without phytase gave lower abdominal fat deposition relative to those fed with 0.12 % avP supplemented with 1 200 FTU/kg, F 12,169 = 2.52, p = 0.05. Layers fed diets containing 0.25 % avP had lower abdominal fat content than those fed 0.12 % avP diets F1 2,169 = 5.85, p = 0.02 ( Table 3 ). Phytase addition seemed to influence the energy reserves in laying hens, and this could be related with the fact that high phytase doses may release inositol, which can affect the transport of lipoproteins into liver for the synthesis of triacylglycerol. 49 Furthermore, higher phytase doses could also reduce the chelating capacity of phytic acid for lipids. 50 The current trial highlights the fact that inorganic P supplementation was unable to promote better performance or maintain body reserves, while supplementation of 1 200 FTU/kg phytase to a low avP diet improved performance and could serve as a tool to prolong laying period and help to improve profitability of egg production. This seems to be possible due to extra-phosphoric effect of the phytase and its greater effect when higher doses of enzyme were employed.
Layers fed 0.12 % avP diets supplemented with either 1 200 or 4 800 FTU/kg phytase laid less broken eggs than those fed with no phytase supplementation. Nevertheless, there were no differences among those treatments and 0.12 % avP diets with 0 or 300 FTU/kg phytase F 3,169 = 2.90, p = 0.04. Similar results were obtained for soft-shell eggs, except that hens fed 4 800 FTU/kg did not produce less defect eggs when fed the phytase-free 0.12 % avP diet F 3,169 = 2.91, p = 0.04. The responses in percent of broken F 2,179 = 3.60, p = 0.03 and soft-eggs F 2,179 = 3.58, p = 0.03 were fitted to quadratic models for phytase inclusions, with minimum value at 1 200 FTU/kg dose. Also, increasing dLys levels in the diet resulted in a positive linear reduction for soft-shell eggs F 1,180 = 3.55, p = 0.06. The production of dirty eggs was not influenced by treatments, and regression models were not significant F 12,169 = 1.09, p = 0.37 ( Table 4) . Taking into consideration the results obtaining in egg classification, 1 200 and 4 800 FTU/kg of phytase improved eggshell formation, leading to a stronger structure, probably due to more mineral availability, decreasing the incidence of broken eggs. Hassanien and Sanaa 51 found that 1000 FTU/kg phytase resulted in higher eggshell resistance to breakage in comparison to 700 FTU/kg, which in turn showed increases relative to 500 or 0 FTU/kg. In the same study, improved eggshell breaking results with phytase was reflected in higher P, Ca, and Mg levels in blood plasma. In the current study, 4 800 FTU/kg was not as good as 1 200 FTU/kg in reducing softshell egg incidence, nor were 300 or 0 FTU/kg. This indicates that phytase dose effects on shell parameters can vary, which in turn can influence the production of marketable eggs.
Lysine is a structural component in the protein matrix of mammillary bodies in the eggshell 52 ; thus, it can alter mineral deposition during shell formation, leading to defects in the microstructure. 53 In the present study, lysine influenced the incidence of soft-shell eggs, but not shell thickness, reinforcing the idea that microstructure conformation of eggshell has a greater influence than macro-structural components. This is because size and orientation of mineral crystals in the eggshell can directly affect mechanical properties. 54 An important point to highlight on the design of the present study is the fact that individual caging system allowed the observation of dietary effects on egg cracking, avoiding those resulting from the limitation of cage space. When non-sellable egg (broken and soft-shell) was subtracted from egg mass to give "marketable egg mass", dLys levels influence on the effect of phytase became more apparent F 12,169 = 2.41, p = 0.02 (Table 4) . Thus, in the current study, lysine shortage (0.67 %) decreased the use of nutrients released from phytase, resulting in a lower response to higher phytase doses. Additionally, for 0.87 % dietary lysine without phytase, P shortage and high lysine content led to a nutritional imbalance that negatively impacted performance; better performance was achieved by phytase addition at 300 and 1 200 FTU/kg, but not at 4 800 FTU/kg. In medium level of dLys (0.77 %), 300 FTU/kg was not able to get egg mass production to the level seen at 1 200 and 4 800 FTU/kg ( Figure A) . Only one previous study in poultry has been published on the combined implication of phytase dose and lysine level in diet. Selle et al. 46 in 7-28 day-old broilers, found that the addition of 500 FTU/kg 3-phytase from A. niger performed better with the dLys level considered as deficient (10 g/kg) compare to the adequate level (11.8 g/kg). Although, marketable egg mass was strongly affected in a quadratic manner by increasing of phytase dose, with a positive effect up to 1 200 FTU/kg F 2,179 = 5.61, p = 0.01. Dietary 0.25 % avP resulted in less marketable egg mass in comparison to 0.12 % avP diets F 12,169 = 7.24, p = 0.01. There was no effect of treatment on shell thickness F 12,169 = 0.53, p = 0.89 and yolk pigment F 12,169 = 1.10, p = 0.36. Layers fed 0.12 % avP diets gave higher average Haugh units than diets with 0.25 % avP F 12,169 = 3.72, p = 0.05 (Table 4) .
Bone breaking strength F 3,169 = 4.29, p < 0.01 and ash weight F 3,169 = 3.62, p = 0.01 was higher in tibia of hens fed diets with 1 200 FTU/kg phytase relative to those fed without phytase. Bone breaking strength, representing bone status, is greater when P assimilation from diet is higher. 49 In this context, 1 200 FTU/kg phytase improved P bioavailability and in this way bone strength, relative to 300 and 4 800 FTU/kg, giving a quadratic effect. The same pattern was seen with ash weight is accord with the correlations mentioned by Kim et al, 55 indicating that more P is released from diet with higher than standard doses of phytase to support bone status in laying hen. Adeola and Walk 56 demonstrated that P utilization for bone mineralization from phytase release could be around 87.4 and 92.8 % with 5 or 6 g/kg of highly soluble Ca, respectively. On other hand, addition of inorganic P to diets resulted in similar bone breaking strength F 1,169 = 0.92, p = 0.34 and ash weight F 1,169 = 1.01, p = 0.31 as inclusions of 300 and 4 800 FTU/kg phytase ( Table 5) . These bone status results suggest that an extra-phosphoric effect is obtained using 1 200 FTU/kg in laying hens. Additionally, a dLys level and phytase dose interaction was seen in fat-free dry bone weight and ash weight F 12,169 = 1.79, p = 0.01 (Table 5 ) (Figure B) . Additionally, changes in bone ash concentration can depend on dLys level in diet, which could be associated with the protein component of bone tissue, or the overall metabolic modification by dLys level of feed intake and laying rate. With 0.67 and 0.77 % dLys, bone ash concentration was reduced with increasing phytase dose, but at 0.87 % dLys, the response was the opposite. Contrary to this result, Ravindran et al. 57 did not observe changes in toe ash content with incremental levels of lysine in 28 week-old broilers. It was possible that inclusion of 4 800 FTU/kg phytase would have increased the hydrolysis of phytic acid, and therefore released more nutrients from the diet. Nevertheless, this dose suppressed performance and gave no beneficial effects on bone parameters in hens fed 0.67 and 0.87 % dLys levels, compare to 1 200 FTU/ kg phytase. This could be a consequence of unbalanced ratio of nutrients, specially Ca:P, taking into account the constant supply of Ca across treatments. Li et al. 58 reported in chickens that while dietary avP level increased, total and ionized Ca in plasma decreased, concluding that excess or deficiency of either mineral can interfere directly in the homeostasis of the other and negatively affect animal performance and bone development. Few studies have tested high inclusion of phytase in laying hen, and, contrary to the current study, Meyer and Parsons 59 did not find changes in productive responses when using 150, 250, and 15 000 FTU/kg of a 6-phytase from E. coli in W-36 Hy-Line layers. Similar results were reported by Augspurger et al. 34 with 250, 500, 1000, and 10 000 FTU/kg from a 6-phytase from E.coli in Single-Comb White Leghorn. In this study, 4 800 FTU/kg phytase increased egg production only in 0.77 % dLys diets.
Conclusion
Supplementation with 1 200 FTU/kg of an E.coli derived phytase improved productive performance of laying hens, while maintained body reserves and bone tissue. Similar effects were not observed with 300 or 4 800 FTU/kg of this phytase, or inorganic P supplementation. It seems that phytase supplementation influenced nutrients other than just P, and that higher phytase doses improved the utilization of phosphorus and other nutrients. Furthermore, dietary levels of dLys influenced phytase efficiency, interfering in the response obtained in productive performance and body composition status in laying hens, without equivalence of phytase addition for dLys level in diet.
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